Background and objectives: The pathogenesis of acquired nephrogenic systemic fibrosis recently described for patients with renal insufficiency and a history of exposition to gadolinium-based magnetic resonance contrast agents is not completely understood. A role for circulating fibroblasts in the fibrosing tissue is hypothetical, and the mechanism of the assumed trigger function of gadolinium remains elusive.
T he enigma of the recently emerged disease entity now termed "nephrogenic systemic fibrosis" (NSF) becomes a growing challenge relevant to nephrologists, radiologists, and dermatology practitioners. More than 105 references cited (1) by the International Center for Nephrogenic Fibrosing Dermopathy Research enclose mostly case reports and patient series since the first clinical and pathologic description has been published in 2000 (2, 3) . Initially referred to as cutaneous disorder present almost exclusively in patients with ESRD, growing clinical and autopsy data now suggest a systemic fibrogenic process that involves many other tissues and various internal organs, such as muscle, myocardium, testes, lungs, and dura (4 -13) . The estimation of the prevalence of this painful and tremendously disabling disease seems to be inaccurate because of underdiagnosis and underreporting (14, 15) . Currently, the diagnosis is confirmed by a deep dermal biopsy from affected skin areas showing fibrosis and specific histopathologic features such as identification of CD34 ϩ spindle cells as bone marrow-derived fibrocytes (3,16 -18) .
NSF is observed exclusively in patients with renal insufficiency and in most cases with a history of exposition to gadolinium (Gd)-based magnetic resonance (MR) contrast agents (16,19 -21) . Gd, introduced in 1988 as a paramagnetic contrast agent, is widely used in MR imaging as a relatively safe complex with an anorganic ligand (linear or macrocyclic chelate) (22, 23) . The stability of the Gd chelate depends on the chemical structure of the chelate itself (cyclic versus linear) but also on the chemical environment (e.g., acidic conditions). Chelates distribute equally in the extracellular compartment and are excreted almost exclusively by the kidney; therefore, their half-life time increases dramatically when kidney function deteriorates. In healthy humans, half-life of Gd chelates is approximately 1.3 h, whereas in patients with ESRD, it is prolonged to approximately 120 h (22, 24) . It has been suggested that the prolonged presence of Gd chelates in the body allows significant release of free Gd 3ϩ ions or transmetallation reactions with other competing ions, such as iron, calcium, or magnesium. Finally, free Gd 3ϩ ions have been shown to be extremely toxic (25) (26) (27) (28) (29) (30) ; however, the exact pathogenesis of NSF is still elusive, and the contribution of various risk factors that promote the disease is discussed controversially (14, 24) .
Recently, the presence of Gd in cutaneous biopsies of patients with NSF was demonstrated by two groups that applied scanning electron microscopy/energy-dispersive x-ray (18, (31) (32) (33) and inductively coupled plasma mass spectroscopy (34) . The element visualization in tissue paraffin sections was done by backscattered electrons. The energy filtered transmission electron microscopy (EFTEM) for the analysis of ultrathin resin tissue sections provides a much higher structural resolution (0.1 nm) (35) and sensitivity (36 -41) for element detection and localization. The EFTEM technique is based on the phenomenon that primary beam electrons that pass through a sample interact with target atoms of the specimen and lose a defined, element-specific amount of energy ("inelastic scattering"). The energy loss of the beam electrons is analyzed by an in-column integrated energy filter (spectrometer), and a special aperture selects electrons at the element-specific energy-loss level for imaging the elemental distribution in the sample.
In biologic specimens, two modes of EFTEM are widely used: Electron energy-loss spectroscopy (EELS) records the whole energy-loss range (0 to 2500 eV) as a complete energy spectrum, where "edges" at characteristic energy levels provide information about the chemical composition of the sample. The spatial distribution of elements present in the sample can be mapped by electron spectroscopic imaging (ESI) using inelastically scattered electrons with the element-specific energy loss (42) (43) (44) (45) (46) (47) (48) (49) (50) .
Materials and Methods
For light histopathology, a skin-punch biopsy taken from an obviously affected area of the thigh was fixed in 4% buffered formalin (pH 7.0), paraffin-embedded, and routinely stained for hematoxylin and eosin, as well as CD34 and CD68 for immunohistochemical evaluation. For the ultrastructure study, guided (by the hematoxylin and eosin and CD34 ϩ sections) tissue cores were punched from the wax skin block (2 mm diameter), deparaffinized in xylene, rehydrated with ethanol and cacodylate buffer, and postfixed with 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) and subsequently with aqueous 1% osmium tetroxide (both 1 h). This tissue was routinely dehydrated in an automated manner in graded ethanols (LYNX; Leica, Vienna, Austria) and embedded in epoxy resin (EMbed 812; all reagents Science Services, Munich, Germany). Double toluidine blue/basic fuchsin-stained semithin sections (0.8 m) were used for target structure block trimming for the ultramicrotomy (Ultracut S; Leica). For conventional EM, examination, and live telepathology consultation via the Internet with a remote expert, the produced ultrathin sections (80 nm) were double stained with aqueous uranyl acetate and lead citrate and examined in the LEO912AB (Carl Zeiss, Oberkochen, Germany) EFTEM, operated at 80 kV in the zero-loss mode. In this mode (routine EM setting for diag-nostic tissue examination), inelastically scattered electrons (i.e., chromatic aberration) are filtered out, leading to crisp images with enhanced contrast, which were digitally acquired by a 1 ϫ 1-k pixel side-entry fast frame-transfer CCD camera equipped with a fiber optic coupled YAG scintillator (TRS, Moorenweis, Germany).
To get a second opinion for the diagnostic evaluation of the ultrastructural findings, we used our telemicroscopy system designed in a server client architecture (51) . An external expert (in this case, the ultrastructural skin pathology expert I.H. from the University of Heidelberg) as a client could remotely operate our EM via the Internet from her office and perform a direct examination of the section instead of interpreting preselected images.
Elemental microanalysis was performed on very thin sections (approximately 40 nm) to minimize multiple electron scattering in the sample (35°-angle diamond knife; Diatome, Biel, Switzerland) collected on foil-uncoated copper grids (300 Mesh, hexagonal bar) without any heavy metal poststaining. For avoidance of thermal drift during tissue examination, ultrathin sections were stabilized in the EM for some minutes under bright electron-beam illumination conditions at low magnification. The EFTEM was operated at 100 kV with a tungsten cathode; the in-column energy spectrometer was operated at 20-eV slit width and calibrated for spectroscopic imaging with inelastically scattered electrons (ESI). Specific EELS of small specimen regions in the specimen (suspect deposits) were acquired in spot mode of the parallel EELS method at a 25,000 magnification setting. We used the EFTEM software package iTEM (version 5; OSIS, Muenster, Germany) for the digital ESI imaging and EELS spectra acquisition and evaluation. For net elemental mapping of Gd, calcium, and magnesium, the "treewindow" method and the power law background calculation (37) were applied. For this purpose, images were obtained at different energy losses ⌬E: One window at the element specific most probable energy loss (e.g., Gd M4, 5 ϭ 1193 eV) and two windows for background evaluation (W1 ϭ 1164 eV, W2 ϭ 1140 eV) (52) . An additional ultrastructural image was acquired in front of the carbon ionization edge (250 eV; high-contrast imaging [HCI]), which was inverted and used for the electronically superimposed net mapping of the element.
The Case: Clinical Data
A 76-year-old man presented in our vascular surgery department in September 2006 as a result of peripheral artery disease, which had led to an ulcerous lesion underneath his left great toe. His medical history at that time included arterial hypertension, diabetes present for several years, coronary artery disease, and stenosis of both carotid arteries. Surgical revascularization of the coronary artery had already been undertaken approximately 4 yr before as well as surgical desobliteration of the carotid arteries. Renal function at presentation in September 2006 was already reduced to a GFR of 18 ml/min. Awareness of impaired renal function contributed to the decision to perform MR tomography scans to avoid renal toxicity of conventional iodinated contrast agents. Within 2 weeks, the patient underwent three MR tomography scans in total, two of which were MR angiographies, receiving in total 49.5 mmol of gadopentetate. After femoropedal bypass surgery, hemodialysis had to be started because of progressive renal failure 2 d after surgery. Laboratory values at that time were as follows: Serum sodium 140 mmol/L, serum potassium 4.7 mmol/L, serum calcium 2.05 mmol/L, serum phosphorus 0.75 mmol/L, wholeblood standard bicarbonate 21.8 mmol/L, C-reactive protein 50.0 mg/ dl, serum albumin 34.3 g/L, parathormone 134 ng/L, transferrin saturation 24%, hematocrit 29.5%, white blood cell count 9.21/nl, and platelets 227/nl. Daily medication consisted of bisoprolol (2.5 mg), calcium carbonate (500 mg), oral iron (100 mg), folic acid (5 mg), amlodipine (5 mg), doxazosine (4 mg), and ranitidine (300 mg); darbe-poietin ␣ (10 g) once weekly; and subcutaneous insulin according to blood glucose levels. Hemodialysis was initially performed by using a Demers jugular dialysis catheter for 2 mo until a newly created cimino fistula could be used. In February 2007, 4 mo after initiation of hemodialysis, the patient complained of worsening mobility of his lower extremities. Furthermore, the femoral skin had increasingly thickened during the weeks before, which contributed to a significant decrease of mobility. For confirmation of the suspected diagnosis of NSF, a deep punch biopsy of the skin of the medial right thigh was performed. For ruling out differential diagnoses such as autoimmune disorders such as scleroderma and pseudosclerodermia caused by paraproteinemia, laboratory tests for ANA, ANCA, single strand annealing A, single strand annealing B, ribonucleoprotein protein particles, Sm, and topoisomerase I antibodies as well as protein electrophoresis were performed and tested negative.
Histopathology
Representative histologic changes of the skin and the subcutaneous tissue are shown in Figure 1 . Whereas the epidermis showed no noticeable changes, the corium and the subcutis showed pronounced fibrosis with only discrete perivascular inflammatory infiltrates. Immunohistochemistry staining for CD34 identified multiple positive spindle-shaped cells as fibrocytes, whereas scattered histiocytes were CD68 ϩ , confirming the diagnosis of NSF.
Conventional EM
In the semithin sections of the resin-reembedded skin samples, some blood vessel profiles in proximity to a fat pad of the deep dermis were identified by light microscopy; sweat gland profiles or hair follicles were not found. For EM, the paraffin-embedded material was reprocessed. Apart from the extraction artifacts related to the processing method, the deparaffinized material still allowed the recognition of cellular membranous structures, desmosomes, cytoskeleton filaments, and inclusions/deposits. The electron microscopic examination of the routinely heavy metal-stained ultrathin sections revealed a dermis with abundant tortuous collagen bundles and elastic fibers, numerous spindle-shaped and elongated fibrocytes, scattered histiocytic cells, and a minimal, mostly perivascular inflammatory infiltrate; all structures exhibited a compromised ultrastructure preservation adequate for deparaffinized tissue (Figure 2 ). In the peripheral cytoplasm of some of the elongated cells with a cigar-shaped nucleus, bundles of parallel intermediate filaments (5 to 8 nm in thickness) and numerous subplasmalemmal attachment plaques were observed ( Figure 2B ), indicating myofibroblastic differentiation. A diligent examination of the blood vessel wall revealed tiny, not very electron-dense, material spots at the outer site of the basal lamina and irregularly disseminated in the adjacent connective tissue. These pleomorphic spots showed a fine granular texture and had a size range between 100 and 400 nm; several reached approximately 1000 nm in diameter. We consulted this observation online with a skin ultrastructural pathology expert (I.H.) using our telepathology system, and the retrieved second opinion was consistent with anorganic material deposits such as calcium and/or magnesium, but the question of whether they also contain Gd remained open (Figure 2 , C and D).
Electron Spectroscopic Imaging
EFTEM microanalysis was performed on the unstained 40-nm ultrathin sections; and to get an overview of topologic information, the structure contrast was enhanced using only inelastically scattered electrons with an energy loss of ⌬E ϭ 250 eV (HCI). The resulting inelastic dark-field images displayed the dermal structures and facilitated the search for the deposits in question ( Figure 3C ). After selection of adequate specimen areas, the ESI image series for detection of Gd, iron, calcium, and magnesium were acquired and the net element image was calculated, respectively ( Figure 3) . A superimposition of the net Gd image on the corresponding electronically inverted HCI image shows the element mapping in the specimen: The Gd signal was visible mainly perivascular as deposits multifocally associated with the outer site of the blood vessel basal lamina, profiles of cell bodies and processes, and collagen fibers ( Figure 4A ). Some electron-dense deposits or inclusions only partially contained Gd; in some areas, the Gd seemed to be localized intracytoplasmatically ( Figure 4B) . A characteristic parallel EELS spectrum obtained from a Gd-containing perivascular deposit presenting the typical Gd M4, 5 "white line" shape is shown in Figure 4C . In a subsequently performed iron elemental mapping at the iron ionization L edge (Fe L2, 3 ϭ 708 eV), traces of iron signal were demonstrated in singular Gd-positive deposits and in very small inclusions (measured range of 40 to 150 m) in the adjacent connective tissue ( Figure 4D ). The respective parallel EELS spectra revealed a weak iron signal peak (data not shown). Calcium and magnesium were not detected.
Discussion
These data strongly suggest a relationship between exposition to Gd and development of NSF in patients with severe renal insufficiency. First reports of Gd deposits within skin specimens of patients with confirmed NSF were published in 2007 (18, (31) (32) (33) (34) , supporting a causal relationship between Gd exposition and NSF; however, there may be triggers of the disorder other than Gd indicating that pathogenesis of NSF requires a pattern of premises that facilitate and promote fibrosis (53) .
Diagnosis is still based on the detection of histopathologic signs of fibrosis in combination with significant amounts of CD34 ϩ fibrocytes (3), which is suggestive but not exclusively specific for NSF. For ruling out differential diagnoses such as scleroderma or paraprotein-associated scleromyxedema, further laboratory tests have to be performed. In our patient, among numerous poorly differentiated fibrocytes, we also found a few higher differentiated ones, which phenotypically resembled myofibroblastic cells presenting classical bundles of intermediate filaments and attachment plaques in the peripheral cytoplasm (54) . This finding is in line with the currently discussed etiopathogenic role of free circulating fibrocytes in NSF, which are able to differentiate into contractile myofibroblasts that appear also in many fibrotic lesions (14, 55, 56) . A high amount of myofibroblasts in progressing NSF skin lesions was also reported by Swartz et al. (4) , who found similarities to wound-healing processes. Although the finding of myofibroblasts was not surprising, we also detected tiny deposits, primarily noticed only at the external basal lamina aspect of the blood vessels. These deposits were rated as anorganic deposits that could contain Gd, which could be confirmed by applying the EELS and ESI imaging technology. These small Gd accumulations were present in large numbers disseminated perivascular in a zone of approximately 5-m width. In greater distance from the blood vessels, only singular, rarely dispersed deposits between collagen bundles were found. Some Gd signal-positive deposits showed the coexistence with scanty iron-positive signals and iron traces in the adjacent connective tissue. This finding substantiates previous detection of iron deposits (32, 33) . A contamination of our samples by an iron-containing microtome blade could be excluded using a diamond knife and avoiding any contact of our samples with iron-containing surfaces. The quantitative data of other authors (18, (31) (32) (33) (34) revealed intralesional Gd amounts in the 5-to 106-ppm range. Actually, these deposits still persisted 3 yrs after the last Gd administration. Our ESI images displayed that Gd is distributed in small, irregular deposits or aggregates of 100 to 1000 nm arranged in a perivascular zone of approximately 5-m width. Showing such a distinct perivascular distribution of Gd with a high resolution allowing discrimination of even small-sized particles, our observations refine and extend the previous reports detecting Gd deposits in the skin by other, lower resolving methods (18, (31) (32) (33) and give us a better spatial illustration of the Gd distribution in the skin lesions. The co-localization of Gd and iron signals in the same deposits advocates the transmetallation hypothesis of Gd chelates, which is probably one important trigger or at least a co-factor of the disease (14,20 -23,57) . To our knowledge, this is the first study to demonstrate Gd deposits at high EM resolution and sensitivity of the EELS technique. The EFTEM technology is an established method and has been applied in a number of life science studies (36, 38, 42) , generating substantial information concerning the nonpinocytotic interaction of exogenous particles with cells (44, 45) or elucidating the role of different elements in pathologic lesions (46 -50) . Probably because of the reprocessing, we were not able to show signs of cytotoxicity caused by Gd as described by Mizgerd et al. (30) on dermal cells and macrophages in vitro. In addition, they reported Gd located in lysosomes and nuclei as well as signs of apoptosis. In our material, we could not find any intranuclear Gd signal. Although we were able to detect a predominantly perivascular element dispersion, we could not obtain any information about possible vasculopathic signs or possible blood vessel wall leakage reported by Mendoza et al. (10) .
Examinations of future samples should provide more insight into the interaction of Gd with the affected tissue. For addressing this question, particular potential will be offered by the analysis of the near-edge fine structure of the EELS spectra (ELNES method) (58,59), which may provide insight into the chemical bonding characteristics between Gd and other elements or compounds in situ (e.g., in cryosections of hydrated tissue [36, 41] ).
Conclusions
The ultrastructural examination and EFTEM element analysis of skin lesions of a patient with ESRD and histopathologically confirmed NSF revealed data displaying a mainly perivascular-dispersed Gd deposition. In addition, co-localization of iron could be confirmed. The infiltrating fibrocytes show distinct signs of myofibroblastic differentiation. Our results clarify that Gd and possibly iron may play a pivotal role in the development of fibrotic disorders such as NSF, although we could not provide any functional data. Further investigations on the pathogenesis of NSF may require ultrastructural analyses such as the EFTEM technique as well as in vivo and in vitro models.
